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Abstract

Climate change poses a profound challenge to dryland ecosystems and the 
livelihoods of communities, undermining food security and ecosystem 
resilience. To this end, climate-smart agroforestry practices enhance 
resilience to climate variability, improve productivity under stress conditions, 
and contribute to ecosystem services such as carbon sequestration, soil 
restoration, and biodiversity conservation. The objective of this review was 
to develop an integrated understanding of why Moringa stenopetala 
represents a strategic multipurpose tree for climate-smart solutions in the 
Ethiopian drylands. This review adopted a systematic review methodology to 
synthesize and critically evaluate existing scientific evidence on the 
ecological, socio-economic, and climate-smart attributes of M. stenopetala in 
the Ethiopian drylands. The findings from this review showed that its broad 
tolerance to soil types and low fertility contribute significantly to its 
ecological fitness in degraded environments. M. stenopetala exhibits multiple 
physiological and morphological adaptations that enhance its drought 
resilience, as experimental studies reveal that the species retains high 
germination and growth performance under moderate to severe water deficit 
conditions. Soils under the canopy of M. stenopetala often exhibit higher 
organic matter, total nitrogen, cation exchange capacity and essential 
mineral content compared with adjacent open areas. From a food security 
perspective, the tree’s leaves, seeds, flowers, and pods are all edible and 
nutrient-dense, which are rich in proteins, minerals-iron and calcium, and 
micronutrients essential for addressing malnutrition in vulnerable 
communities. These have pronounced the species’ climate change adaptation 
and cultural values. Therefore, M. stenopetala emerges from this review as a 
uniquely climate resilient and multifunctional indigenous tree species, 
capable of addressing the intertwined challenges of productivity, climate 
adaptation, and mitigation in Ethiopian drylands.

Keywords: Biodiversity; Climate adaptation; Ecosystem services; Food 
security; Multifunctional tree

1. Introduction
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Climate change poses a profound challenge to dryland ecosystems and the 
livelihoods that depend on them, particularly in sub-Saharan Africa where 
rising temperatures, erratic rainfall, recurrent droughts, and land 
degradation interact to undermine food security and ecosystem resilience [1-
7]. Ethiopia is among the countries most vulnerable to these impacts due to 
its high dependence on rain-fed agriculture, rapid population growth, and 
extensive dryland areas that are already under ecological stress [8-10]. 
Ethiopian drylands, which cover more than 60% of the country’s landmass, 
are characterized by fragile soils, limited water availability, and high climate 
variability, making conventional agricultural and forestry systems 
increasingly unsustainable [11]. In this context, climate-smart solutions that 
integrate adaptation, mitigation, and sustainable development objectives are 
urgently required.

Climate-smart agroforestry practices enhance resilience to climate 
variability, improve total productivity under stress conditions, and contribute 
to ecosystem services such as carbon sequestration, soil restoration, and 
biodiversity conservation [12]. Multipurpose tree species play a central role 
in such approaches, particularly in drylands, where trees can simultaneously 
provide food, fodder, fuelwood, income, and ecological functions [13]. 
However, the success of climate-smart interventions depends heavily on 
selecting species that are ecologically adapted to harsh environments, 
socially accepted by local communities, and capable of delivering multiple 
benefits over short and long time horizons. Within Ethiopia, one indigenous 
tree species increasingly recognized for meeting these criteria is M. 
stenopetala, commonly known as the African moringa or cabbage tree [14].

M. stenopetala is native to southern Ethiopia and northern Kenya and has 
been traditionally cultivated for centuries by indigenous communities, 
particularly in the Rift Valley and lowland areas of southern Ethiopia [15, 16]. 
Unlike the widely promoted exotic M. oleifera, M. stenopetala is better 
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adapted to Ethiopia’s semi-arid and sub-humid dryland conditions, tolerating 
prolonged drought, poor soils, and high temperatures [17, 18]. This 
ecological fitness makes M. stenopetala a promising candidate for climate-
smart solutions in environments where many conventional crops and tree 
species fail to survive or perform poorly.

Beyond its climatic adaptability, M. stenopetala is a highly versatile 
multipurpose tree. Its leaves are consumed as a staple vegetable and are rich 
in essential nutrients, including proteins, vitamins, and minerals, 
contributing significantly to household nutrition and dietary diversity in food-
insecure regions [19-22]. The tree also provides fodder for livestock during 
dry seasons, when herbaceous forage is scarce, thereby supporting pastoral 
and agro-pastoral livelihoods [14, 23-25]. Moreover, M. stenopetala produces 
fuelwood, live fencing material, and medicinal products, enhancing its role in 
diversified and resilient livelihood systems [16, 26].

From an ecosystem services perspective, M. stenopetala contributes to 
several functions that are central to land management. Its deep-rooting 
system enhances soil structure and stability, reducing erosion in sloping and 
degraded landscapes [27]. Leaf litter and organic inputs from pruning 
improve soil organic matter and nutrient cycling, which are critical for 
restoring soil fertility in degraded drylands [28]. Furthermore, as a perennial 
woody species with rapid biomass accumulation, M. stenopetala has the 
potential to sequester carbon, both above and below ground, contributing to 
climate change mitigation and as the same time supporting adaptation 
benefits at the local scale [12, 28].

Social and cultural dimensions further strengthen the case for M. stenopetala 
as a climate-smart species. Indigenous knowledge systems surrounding the 
cultivation, harvesting, and utilization of this resource are well-established 
among local communities, reducing barriers to adoption and enhancing long-
term sustainability [16, 29]. Cultural acceptance is a critical but often 
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overlooked factor in climate-smart interventions, as externally introduced 
species or practices may face resistance or abandonment despite their 
technical merits [30-32]. The long history of M. stenopetala use in Ethiopia 
suggests a strong alignment between ecological suitability and socio-cultural 
relevance.

In recent years, M. stenopetala has attracted increasing attention from 
researchers, development practitioners, and policymakers as a potential 
solution to interconnected challenges of climate change, malnutrition, land 
degradation, and rural poverty [33, 34]. However, existing studies are often 
fragmented, focusing on individual aspects such as nutrition, agronomy, or 
ethnobotany, rather than providing an integrated assessment of its climate-
smart potential. There is also weak integration of local knowledge and 
institutional support systems. This creates a critical gap in scalable models, 
justifying a novel, systems-based approach that combines agroecology, socio-
economic analysis, and long-term, real-world implementation pathways. A 
comprehensive synthesis is therefore needed to critically evaluate why M. 
stenopetala stands out as a uniquely suitable multipurpose tree for Ethiopian 
drylands and how it aligns with broader climate-smart development 
frameworks.

This review article aims to address this gap by synthesizing current evidence 
on the ecological, socio-economic, and climate-related attributes of M. 
stenopetala. Specifically, it examines (i) its ecological fitness to Ethiopian 
drylands, (ii) its contributions to climate change adaptation and mitigation, 
(iii) its role in food and nutrition security and livelihood diversification, and 
(iv) its relevance for climate-smart agriculture, agroforestry, and land 
restoration strategies. By positioning M. stenopetala within the broader 
discourse on climate-smart solutions, this review highlights why this 
indigenous species represents a strategic and context-appropriate option for 
building resilient and sustainable dryland ecosystems in Ethiopia (Figure 1).
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Figure 1: Conceptual framework: M. stenopetala as a climate-smart 
multipurpose tree in Ethiopian drylands

2 Methodology

This review adopted a systematic review methodology to synthesize and 
critically evaluate existing scientific evidence on the ecological, socio-
economic, and climate-smart attributes of M. stenopetala in the Ethiopian 
drylands. The review followed the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) guidelines (Figure 2) to ensure 
transparency, reproducibility, and methodological rigor [35]. The review 
protocol was structured around clearly defined research questions focusing 
on climate change adaptation, mitigation, livelihood benefits, ecosystem 
services, and land restoration roles of M. stenopetala.

A comprehensive literature search was conducted across major scientific 
databases, including Web of Science, Scopus, PubMed, ScienceDirect, 
Google Scholar, and African Journals Online, and other gray literature. The 
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search covered peer-reviewed journal articles, review papers, and selected 
grey literature (e.g., institutional reports) published primarily between 2005 
and 2026, with emphasis on recent climate-related studies. Search strings 
combined Boolean operators and keywords such as:

“Moringa stenopetala” AND “climate-smart agriculture” OR “drylands” OR 
“climate change adaptation” OR “ecosystem services” OR “land restoration” 
OR “livelihoods” AND “Ethiopia”. Reference lists of relevant articles were 
also screened to identify additional eligible studies [36].

Studies were included if they: (i) explicitly focused on M. stenopetala; (ii) 
addressed at least one climate-smart dimension (adaptation, mitigation, 
resilience, or ecosystem services); (iii) were conducted in Ethiopia or 
ecologically comparable dryland contexts; and (iv) were published in English. 
Exclusion criteria included studies focusing solely on M. oleifera without 
comparative relevance, non-scientific opinion pieces, and articles lacking 
methodological clarity or empirical evidence.

All retrieved records were imported into a reference management software, 
and duplicates were removed. Titles and abstracts were screened 
independently against the eligibility criteria, followed by full-text screening 
of shortlisted articles. A standardized data extraction matrix was used to 
capture key information, including study location, research design, thematic 
focus, reported benefits, and relevance to climate-smart solutions. 
Discrepancies during screening were resolved through iterative review and 
consensus, consistent with best practices in systematic reviews [37].

The methodological quality and reliability of included studies were assessed 
using adapted critical appraisal checklists suitable for qualitative, 
quantitative, and mixed-methods studies. Criteria included clarity of 
objectives, appropriateness of methods, robustness of data analysis, and 
relevance of findings to climate-smart dryland systems [38]. Studies were 
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categorized as high, moderate, or low quality, and this assessment informed 
the interpretation of results rather than exclusion alone.

Figure 2: PRISMA flow diagram of the literature selection process

2.1 Data synthesis and analysis
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A thematic narrative synthesis approach was employed due to the 
heterogeneity of study designs and outcome variables. Extracted findings 
were organized into thematic domains, including ecological fitness, climate 
adaptation and mitigation potential, livelihood and nutritional benefits, 
cultural acceptance, and policy relevance. Patterns, consistencies, and 
knowledge gaps were identified to develop an integrated understanding of 
why M. stenopetala represents a strategic multipurpose tree for climate-
smart solutions in the Ethiopian drylands [39].

3 Results and discussions

In the literature assessment, 557 publications were found after duplications 
have been removed. The studies included in the final screening for the 
qualitative analysis of this review were 91. The distribution of the 
publications based on thematic domain and search string category is 
described in Table 1.

Table 1: Distribution of publications by search string category and thematic 
domain

Total number 
of publications 

after 
duplication 
removed

Studies 
included in 

the 
qualitative 
synthesis

Search string 
category Thematic domain

(n) (%) (n) (%)
1. Climate 

adaptation & 
resilience

Drought tolerance, 
climate variability, and 
agroecological 
resilience

180 32.32% 28 30.77%

2. Ecosystem 
services & 
land 
restoration

Soil fertility, erosion 
control, restoration, 
and biodiversity 150 26.93% 24 26.37%

3. Livelihoods & 
nutritional 
Benefits

Income generation, 
food security, value 
chains

110 19.75% 18 19.78%
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4. Climate 
mitigation 
potential

Carbon sequestration, 
biomass, carbon stock 70 12.57% 12 13.19%

5. Cultural 
embeddedness 
& policy 
integration

Indigenous knowledge, 
adoption, and 
institutional 
frameworks

47 8.44% 9 9.89%

Total 557 100%* 91 100%

3.1 Ecological fitness in drylands

3.1.1 Habitat, distribution, and climatic adaptations

M. stenopetala is widely distributed across arid and semi-arid climates of 
Ethiopia, particularly in areas with low and erratic rainfall, high 
temperatures, and poor soils. Its native distribution is eastern Africa 
dominantly in southern Ethiopia and north Kenya (Figure 3). Its natural 
ecological range includes landscapes with mean annual rainfall from 250 mm 
to over 1,500 mm and typical average temperatures between 24°C and 30°C, 
though it can tolerate extremes beyond this range, up to 48°C with adequate 
shading [40, 41].

This species thrives in well-drained sandy to loamy soils with a broad pH 
tolerance (pH 5–9), and is commonly found on rocky slopes, riverbanks, and 
in Acacia–Commiphora woodlands. Such edaphic flexibility allows it to 
establish in otherwise inhospitable dryland conditions typical of the Ethiopian 
lowlands [40, 42]. Its broad tolerance to low soil fertility in different soil types 
contributes significantly to its ecological fitness in degraded environments.

One key structural adaptation of M. stenopetala is its extensive tuberous 
taproot system, which can penetrate deep soil layers to access residual 
moisture during prolonged dry periods. This deep rooting confers a distinct 
drought-avoidance mechanism, enabling the tree to maintain physiological 
activity and growth when surface soils have dried [17]. Additionally, the 
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species is often drought-deciduous, shedding leaves during extreme dry 
spells to reduce water loss while remaining alive at the stem base, an 
essential survival trait in prolonged drought [17, 40]. In sum, the climatic 
tolerance and soil adaptability of M. stenopetala are foundational to its 
ecological fitness in Ethiopian drylands, allowing it to persist where many 
crops and tree species fail.

Figure 3: Global distribution of M. stenopetala and M. olifera [43]

3.1.2. Drought tolerance and physiological responses

Drought is the defining stressor of the Ethiopian drylands, where rainfall is 
unreliable and evaporative demand is high. Multipurpose trees in drylands 
play critical role to build ecological and social resilience [44]. M. stenopetala 
exhibits multiple physiological and morphological adaptations that enhance 
its drought resilience. Experimental studies reveal that the species retains 
high germination and growth performance under moderate to severe water 
deficit conditions [17]. When exposed to controlled drought stress during 
early growth stages, M. stenopetala seedlings maintained robust germination 
rates and showed increased root length under osmotic stress simulated with 
Polyethylene Glycol 6000 (PEG-6000), indicating strong drought tolerance 
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mechanisms at even early developmental stages [17, 45]. Drought indices 
such as the Stress Tolerance Index (STI) and Geometric Mean Productivity 
(GMP) were high under moderate stress levels, signaling the species’ 
capacity to sustain growth despite limited water availability [45].

These physiological responses may be linked to the tree’s ability to modulate 
soluble sugar accumulation and other biochemical processes that stabilize 
cellular functions under water stress conditions. This trait positions M. 
stenopetala as a promising species for arid areas agroforestry systems where 
drought tolerance is a major challenge [17]. Field trials further suggested 
that while the species is drought-tolerant, supplemental irrigation enhances 
biomass production, particularly leafy biomass desirable for food and fodder. 
A study in the Kobo District of Eastern Ethiopia indicated that irrigation 
frequencies of every 10–15 days markedly improved leaf biomass and 
vegetative growth compared with rain-fed controls, though nutrient 
composition remained consistent across regimes [22]. These findings 
underscore M. stenopetala’s dual ecological fitness: strong inherent drought 
resistance yet responsiveness to improved water availability for optimized 
productivity. One of the central challenges posed by climate change in semi-
arid and arid regions is increased drought frequency and severity. Plants that 
survive or even flourish under water stress are crucial for climate adaptation 
strategies. Several studies have demonstrated that M. stenopetala possesses 
remarkable drought-tolerant traits and resilient growth mechanisms [17, 46].

According to the species profile, M. stenopetala is well adapted to high 
temperatures and water-limited conditions typical of its native habitats in 
southern Ethiopia [47, 48]. Morphologically, M. stenopetala develops 
substantial storage organs (thickened roots and trunk tissues) that facilitate 
water retention and keep it physiologically active during prolonged dry spells. 
Under climate-induced drought stress in experimental conditions, seedlings 
exhibited drought tolerance characteristics, including robust stem growth 
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and root elongation in response to increasing water scarcity. Drought indices 
exploring stress tolerance revealed traits indicating potential for regular 
growth under water-deficit conditions, reinforcing M. stenopetala’s resilience 
as a climate-adaptive tree species [49]. This drought resilience allows M. 
stenopetala to maintain productivity in rain-fed agricultural systems, where 
erratic rainfall patterns caused by climate change significantly threaten crop 
yields. As smallholder farmers increasingly confront unpredictable climatic 
patterns, integrating drought-tolerant species like M. stenopetala into 
agroforestry systems can sustain biomass production and nutritional 
availability even in adverse climates, thereby buffering food supply against 
climate variability.

3.1.3. Soil and ecosystem functions

Beyond its direct adaptations to abiotic stress, M. stenopetala contributes 
meaningfully to ecosystem services vital for dryland resilience. One of the 
most significant ecological roles of this species lies in its effects on soil 
properties and land restoration. Agroforestry studies indicate that soils under 
the canopy of M. stenopetala often exhibit higher organic matter, total 
nitrogen, cation exchange capacity (CEC) and essential mineral content 
compared with adjacent open areas [27, 50]. One of the key ecosystem 
services provided by M. stenopetala is soil improvement through enhanced 
organic matter accumulation and nutrient cycling. Research conducted in 
homestead agroforestry systems in northern Ethiopia documented that soils 
beneath M. stenopetala canopies had significantly higher levels of organic 
matter (OM), total nitrogen (TN), cation exchange capacity (CEC), and key 
soil nutrients compared to soils outside the canopy [27]. For this particular 
study for instance, in a soil depth 0-20 cm, available phosphorus has 
decreased by 36% when the distance from tree increased from 1 m to 10 m. 
Organic matter did 28% decreased for the same situation. These 
improvements are important for restoring soil fertility and boosting water 
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retention, both vital under changing climatic conditions that intensify 
drought and nutrient leaching. The study’s socio-economic assessment also 
highlighted M. stenopetala’s multipurpose roles in local communities, 
including its contributions to income generation and environmental services, 
reinforcing its value as a climate-smart agroforestry species.

This enrichment occurs through leaf litter deposition and root turnover, 
which contribute organic inputs to otherwise nutrient-poor soils. These soil 
improvements can, in turn, enhance the productivity of intercropped annual 
crops such as sorghum, especially when trees are integrated in a spatially 
strategic manner across farms [27, 51, 52].

Furthermore, the species’ leaf litter and fine root systems help to reduce soil 
erosion, a chronic problem in eroded dryland landscapes. By increasing litter 
cover and stabilizing soil structure, M. stenopetala aids in maintaining soil 
moisture and reducing wind and soil erosion during dry and wet seasons. 
Additionally, local ethno botanical research reveals that the species 
contributes to erosion control by protecting soil from surface runoff and wind 
erosion, especially important in the fragile, sloped landscapes of southern 
Ethiopia, where degradation is severe [16, 40, 54]. Although not a nitrogen-
fixing species, M. stenopetala still fosters beneficial soil interactions, 
including mycorrhizal associations that enhance nutrient uptake and 
contribute to nutrient cycling within dryland ecosystems [27]. These soil 
ecosystem services highlight the tree’s role beyond mere drought survival, 
positioning it as an ecological facilitator that supports broader landscape 
productivity [53].

Further research indicated that scattered M. stenopetala trees in croplands 
may positively influence the soil physical properties and crop yields. While 
the specific outcomes varied with distance from tree trunks and the local soil 
conditions, findings suggested that there is potential synergistic interactions 
between M. stenopetala and field crops, enhancing overall system 
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productivity and resilience in marginal environments. Agroforestry 
integration thus supports diversified land use, soil protection, and climate 
risk reduction in regions with limited agricultural resources [52].

3.1.4. Biodiversity and ecological interactions

M. stenopetala plays a crucial role in supporting local biodiversity within 
dryland ecosystems. Its canopy provides shade and microhabitats for various 
organisms, including birds, insects, and smaller plants that may seek refuge 
from harsh weather conditions [55]. The flowers attract pollinators, helping 
sustain pollination networks that are critical for the functioning of diversified 
dryland habitats. Although the species is resilient to moderate grazing, 
overgrazing by livestock can negatively impact natural regeneration by 
damaging young saplings [14]. Sustainable grazing management is therefore 
essential to maintain ecological populations of M. stenopetala in communal 
landscapes. The tree’s interactions with other flora and fauna in 
agroecosystems further underscore its integrative ecological role. In Konso 
and Derashe agroecosystems, households often plant multiple M. stenopetala 
within compounds and farmlands, resulting in sustained green cover even 
during severe dry seasons, compared to the surrounding arid matrix [52, 54]. 
This landscape presence contributes to ecological heterogeneity, which can 
buffer climatic variability and support a range of ecosystem functions.

M. stenopetala enhances landscape structure and interconnectedness which 
are vital for broader landscape biodiversity [56, 57]. These interactions 
support ecological resilience within restored environments and encourage 
the establishment of other beneficial species in rehabilitated areas. In 
degraded landscapes, such as rangelands and marginal farmlands, M. 
stenopetala acts as a restoring agent [58]. Its pioneer species characteristics 
enable it to establish on degraded sites with low soil fertility, helping to 
initiate ecological succession and facilitate the reemergence of other plant 
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species. Its deep root system improves soil structure and infiltration, critical 
for rehabilitating eroded soils and restoring landscape function [27].

3.1.5. Socio-ecological value and sustainable dryland management

Ecological fitness encompasses not just survival and adaptation but also 
functional integration within human-managed landscapes. M. stenopetala 
stands out in this regard due to its multipurpose utility, which strengthens its 
ecological relevance in Ethiopian drylands. M. stenopetala’s nutritional 
values are essential for addressing malnutrition in vulnerable communities 
[19, 22, 33, 41, 59-64]. During dry seasons when other vegetables are scarce, 
M. stenopetala leaves provide a reliable green food source, bolstering food 
security and household nutrition.

Beyond nutrition, the tree’s parts are used in traditional medicine, water 
purification (through seed flocculation), fuelwood, fencing, shelter, and even 
honey production through its nectar, enhancing livelihoods in rural dryland 
settings [16, 65- 68]. Such diverse uses contribute to socio-economic 
resilience, reinforcing the species’ ecological fitness through persistent 
human demand and cultural value. Importantly, integration of M. stenopetala 
into agroforestry systems allows smallholders to diversify income sources by 
improving soil health, microclimate, and crop yields, contributing to 
sustainable dryland management strategies that buffer climate variability 
and increase resilience against shocks.

One of the most profound ways M. stenopetala supports climate change 
adaptation is through its contributions to food security and rural livelihoods. 
Climate change often disrupts staple crop yields, exposing vulnerable 
communities to nutritional deficiencies and food insecurity. M. stenopetala, 
with its nutrient-dense leaves and edible parts, offers a direct buffer against 
these outcomes. Ethnobotanical studies in southern Ethiopia have 
documented M. stenopetala’s integration into local diets and its importance 
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during periods of food scarcity and drought. Communities cultivate and 
manage the species both in home gardens and alongside crops, utilizing fresh 
leaves in daily dishes and relying on its availability during seasonal food 
shortages [54]. Nutritional analyses showed that the leaves are rich in 
protein, vitamins (such as vitamin C), minerals (calcium and potassium), 
making it an ideal component of dietary strategies to address micronutrient 
deficiencies [20, 21, 69].

Empirical studies further indicated that improved child nutritional outcomes 
in communities consuming M. stenopetala-based diets. In comparative 
analyses, communities that regularly included M. stenopetala in diets had 
lower prevalence of child stunting and wasting relative to non-consuming 
groups, suggesting that M. stenopetala consumption contributes significantly 
to nutritional resilience among populations vulnerable to climate-linked food 
insecurity [19, 70, 71]. Economically, M. stenopetala contributes to 
household incomes through various products, fresh and dried leaves, seeds 
for water purification, and other marketable plant parts. These income 
streams diversify rural livelihoods and reduce dependence on single crops 
that are susceptible to climate risks. In Ethiopia and other tropical regions, 
Moringa species, irrespective of some shade effects, are promoted for 
intercropping with staple crops such as cereals, root crops, and legumes. 
These systems: (i) provide shade and microclimatic regulation, reducing heat 
stress on companion crops; (ii) improve soil organic matter and nutrient 
dynamics through leaf litter and root turnover; (iii) enhance biodiversity and 
ecosystem resilience; and (iv) contribute to rural livelihoods and food security 
[72, 73]. By fostering perennial vegetation in landscapes often dominated by 
annual crops, M. stenopetala helps shift land use toward more carbon-
positive systems. Similarly, Moringa trees are used in home gardens, 
boundary plantings, and integrated with livestock systems, further enhancing 
carbon storage potential while delivering multiple co-benefits [20]. These 
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multi-functional roles situate M. stenopetala as a component of climate-smart 
agriculture, where mitigation and adaptation objectives intersect.

Traditional knowledge and research suggested that M. stenopetala roots 
possess coagulating properties, which can clarify turbid water, indicating a 
potential role in natural water purification systems in rural communities [41]. 
Although primarily an ecological and ethnobotanical service, this function 
can support restoration efforts where water quality is compromised. M. 
stenopetala is integrated into home garden agroforestry systems, enhancing 
productivity and sustainability. Farmers in southern Ethiopian communities 
often plant M. stenopetala among crops, preferring it for its perceived ability 
to enhance the yield of understorey root crops and improve overall farm 
resilience [33]. Economic assessments indicated that agroforestry systems 
incorporating M. stenopetala can be profitable for smallholder farmers, 
especially for poorer households, while ecological benefits such as soil 
improvement and erosion control provide a long-term sustainable solution 
[33].

Beyond ecological restoration, M. stenopetala provides cultural and 
economic values. It is widely consumed as a nutritious leafy vegetable, 
forming part of daily diets in southern Ethiopian cultures and contributing to 
food security [41]. Its uses extend to medicine, animal fodder, fuelwood, 
traditional tool materials, and other utilitarian functions, adding to 
community resilience [16]. These diverse services underscore the species’ 
role in supporting livelihoods, particularly in resource-poor rural 
communities where multifunctional tree species are vital for survival and 
sustainable land use.

3.2 Climate change mitigation potential

While climate change adaptation focuses on coping with change, mitigation 
is also essential. Trees are integral to carbon sequestration: the process of 
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capturing atmospheric carbon dioxide (CO₂) and storing it in biomass and 
soil. This provides dual benefits: climatic regulation and enhanced ecosystem 
resilience. The potential for climate change mitigation through carbon 
sequestration is particularly relevant in landscapes dominated by 
deforestation and land degradation, where establishing carbon sinks 
contributes to both climate stabilization and landscape restoration [74, 75, 
76]. Although M. stenopetala is indigenous and often scattered within 
traditional systems, intentional planting and agroforestry expansion can 
augment carbon stocks while supporting local environmental conditions. This 
dual adaptation–mitigation approach enhances resilience against climate 
change while bolstering ecosystem services.

Climate change will alter growing conditions for many plant species, shifting 
habitats and suitability zones. Predictive modelling studies on Moringa 
species show differential responses to future climate scenarios. Habitat 
suitability for M. stenopetala is projected to increase under high emissions 
scenarios (e.g., SSP5-8.5), expanding into new regions that become warmer 
and potentially more suitable for growth. Meanwhile, M. oleifera may 
experience reduced suitable areas under similar scenarios. These projections 
suggest that M. stenopetala may become even more important as a climate-
resilient species in future agroecosystems, particularly in East Africa where 
warming trends are pronounced [43].

Beyond current mitigation benefits, M. stenopetala also shows promise in the 
context of future climate change. A recent modelling study assessed habitat 
suitability for M. stenopetala under various shared socio-economic pathways 
(SSPs) to 2050 and 2070 [43]. The study projected that: (1) highly suitable 
habitat for M. stenopetala could increase substantially (up to ~85–98% by 
2050 under certain high-emission scenarios); (2) future warming and 
associated climatic changes are likely to expand suitable areas for the 
species, particularly in warmer, drier zones that mirror its ecological 
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preferences; and (3) conversely, under lower warming scenarios, habitat 
expansion may be more modest. These projections indicated that M. 
stenopetala may remain resilient or even benefit from aspects of climate 
change, making it a strategic species for adaptation and mitigation strategies 
in tropical drylands [43]. Together with its physiological resilience, these 
suitability trends suggest that M. stenopetala could be planted more widely 
in regions projected to become drier or hotter.

The study by [28] quantified carbon stocks and CO₂ capture across trees of 
different age classes of M. stenopetala along an altitudinal gradient in the 
Konso Zone of southern Ethiopia. In the same token it was revealed that: (i) 
Trees aged 6–10 years sequestered approximately 10.96 kg of carbon, 
corresponding to 40.17 kg of CO₂ captured per tree; (ii) trees aged 11–15 
years stored 27.87 kg of carbon (≈102.20 kg CO₂); and (iii) trees aged 16–20 
years accumulated the highest values, with 42.31 kg of carbon (≈155.11 kg 
CO₂). Importantly, annual sequestration increased with tree age, with the 
16–20-year class capturing roughly 8.62 kg of carbon per year, compared to 
5.02 kg annually for younger trees [28]. The study also found that altitude 
influenced sequestration, with greater biomass and carbon stocks observed 
at lower elevations relative to mid and high altitudes. This suggests 
microclimatic and soil differences affect growth and carbon capture 
efficiency [28]. These empirical values for M. stenopetala indicate moderate 
per-tree carbon sequestration compared to large forest trees. However, M. 
stenopetala’s fast growth, adaptability to dry conditions, and use in 
agroforestry contexts imply that its cumulative landscape-level carbon 
capture can be significant, especially in highly degraded agricultural regions 
where other tree species struggle to establish. Furthermore, the perennial 
and resilient nature of Moringa means that once established, trees continue 
sequestering carbon over decades with relatively low management costs. 
This characteristic is crucial in climate-smart agricultural systems that 
prioritize sustainability and resilience. By incorporating M. stenopetala into 
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agroforestry systems, carbon stocks can be increased both above and below 
ground, helping to offset greenhouse gas emissions and restore depleted soil 
organic carbon in degraded agricultural lands. As compared to fast-growing 
multipurpose trees, for instance, Leucaena leucocephala (35-130 t/ha of total 
carbon), M. stenoptetala falls in the low–moderate carbon storage category 
(16-51t/ha of total carbon). This might be due to frequent leaf harvest for 
nutrition co-benefits, which is highly valuable in integrated climate–livelihood 
system [77].

3.3. Cultural acceptance and indigenous knowledge

M. stenopetala is highly valued as a nutritious leafy vegetable that 
supplements daily meals. Its tender leaves are boiled and consumed similarly 
to cabbage, contributing essential proteins, vitamins, and minerals, some 
studies note high levels of iron and calcium comparable to other leafy greens 
[41, 61]. In local diets, moringa leaves are integral to traditional dishes like 
fosessie, and are sometimes eaten raw, cooked into stews, or dried and 
powdered for future use [78, 79]. This everyday incorporation reflects broad 
cultural acceptance: entire households plant multiple moringa trees around 
compounds and farms for daily harvesting, and excess leaves are sold or 
shared in local markets [29]. Several ethnic groups recognize moringa as a 
staple during drought or lean seasons, where its drought tolerance ensures 
food availability when other vegetables fail. This characteristic strengthens 
community attachment to the tree and enhances its food security value [80].

Beyond nutrition, M. stenopetala is deeply rooted in traditional medicinal 
knowledge. Traditional healers and community members use various parts of 
the plant: leaves, roots, seeds, and bark, to prevent or treat a range of 
ailments. Ethno-pharmacological studies document its use in managing 
malaria, high blood pressure, asthma, diabetes, anemia, headaches, skin 
afflictions, gastrointestinal problems, and ear/eye infections [81]. For 
example, leaves may be powdered and mixed with water or tea for internal 
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consumption, and root smoke is inhaled or applied in rituals intended for 
epilepsy and other conditions [21, 26, 82, 83]. Although biomedical validation 
of these uses is ongoing, the consistency and specificity with which healers 
and elders recount treatments point to deeply embedded indigenous 
pharmacopoeia and community trust. However, some elders reported that 
traditional practices face declining social status; traditional healers may be 
stigmatized or discouraged by local authorities, hindering open exchange of 
local knowledge (16).

Local ethnobotanical knowledge of M. stenopetala has historically been 
transmitted orally, through family elders, community ceremonies, and 
apprenticeship with experienced healers. Unique cultivation techniques, 
such as pollarding at specific heights to prevent birds from resting and crop 
damage, are examples of locally developed practices passed from generation 
to generation [33, 54]. This knowledge is rich, context-specific, and often tied 
to linguistic identity; many local names referencing the tree demonstrate its 
embeddedness in native languages and cosmologies. For instance, it is named 
Shiferaw in Amharic, Haleko in Gamo,Wolaita, Derashe and burji; Shelagda 
in Konso; Kallanki in Benishangul; and Telahu in Tsemay [33, 54, 80] .

Despite this, oral transmission has vulnerabilities. Researchers note that 
undocumented practices face erosion as younger generations migrate to 
urban areas, and as Western medicine becomes more dominant in public 
health narratives [65]. Loss of language fluency and reduced participation in 
ritualized learning spaces further accentuates this risk. In regions like Konso, 
moringa trees are markers of cultural and ecological identity. Traditional 
villages often feature moringa prominently in agroforestry landscapes, not 
only for shade and soil conservation but also as cultural symbols of resilience 
and continuity [79]. Moringa’s presence is woven into household heritage, 
many families maintain several mature trees whose annual leaf harvests 
structure seasonal rhythms and social activities (Figure 4). Integration with 
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cash crops like coffee highlights its important multifunctional role: it provides 
shade while reinforcing the cultural bond between communities and their 
land [84].

While M. stenopetala remains widely respected among many rural 
communities, perceptions vary with modernization. Some urban settlers or 
younger individuals see traditional plant medicine as outdated or less 
effective compared to pharmaceuticals, reducing the practice of indigenous 
healing traditions [16, 85]. Additionally, conservation pressures and changing 
land use threaten wild moringa populations, which compounds loss of 
knowledge and disrupts cultural continuity. On the positive side, research 
underscores the tremendous nutritive and therapeutic potential of moringa, 
offering opportunities for broader acceptance and integration into public 
health and agricultural development programs [26, 70, 86, 87]. There is 
growing recognition of its role beyond local contexts, with attention from 
nutritional science and food security advocates who highlight moringa’s 
drought resilience and nutritional density [88].
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Figure 4: Cultural acceptance and indigenous knowledge on M. stenopetala 
and remaining challenges

Implications for policy, research and practice
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The evidence synthesized in this review indicates that M. stenopetala is a 
strategically underutilized indigenous resource that aligns closely with 
Ethiopia’s Climate-Smart Agriculture (CSA) priorities of enhancing 
productivity, strengthening climate resilience, and contributing to mitigation. 
Given its proven drought tolerance, year-round nutritional value, and 
multifunctional ecosystem services, M. stenopetala should be explicitly 
integrated into national CSA investment plans, dryland restoration programs, 
and nutrition-sensitive agricultural strategies, including Ethiopia’s Climate-
Resilient Green Economy (CRGE) framework and food and nutrition security 
policies [2, 12, 89]. Scaling up adoption will require targeted extension 
support emphasizing indigenous management practices, inclusion of M. 
stenopetala seedlings in public restoration and safety-net programs, and 
development of local value chains to enhance market access and income 
generation. Importantly, policy implementation should recognize the central 
role of women in managing and utilizing M. stenopetala, ensuring that CSA 
interventions promote gender equity and locally grounded innovation rather 
than externally imposed technologies. Women act as primary caregivers, 
harvesters, and cooks in the household integration as well as they lead its 
post-harvest processing and local marketing. Future research should 
prioritize on (i) standardized experimental protocols, for example, consistent 
agronomic practices and nutrient analysis methods, (ii) multi-site trials 
across agroecological zones, (iii) longitudinal studies tracking agronomic, 
ecological, and socio-economic outcomes, (iv) integrated assessments 
combining productivity, nutrition, and livelihood indicators.

Limitations of the review

Despite synthesizing a wide range of evidence, this review has limitations. A 
key limitation is that it did not include a quantitative meta-analysis. The 
review relied on a qualitative synthesis approach, which limits the ability to 
generate statistically robust effect sizes or directly compare results across 
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studies. The studies included in the review were heterogeneous and based on 
short-term data. The interaction between study heterogeneity and lack of 
long-term data may create a compounded limitation in producing fragmented 
and context-bound evidence. Without long-term validation, positive findings 
remain provisional rather than conclusive. In this case, the evidence base 
tends to overrepresent immediate benefits while underrepresenting risks, 
trade-offs, and variability over time. As a result, while M. stenopetala is 
widely regarded as a promising multipurpose species, particularly in 
southern Ethiopia, current evidence does not fully support strong 
generalizations or policy-scale claims without caution. Incorporating rigorous 
quantitative analyses, including future meta-analyses where feasible, will be 
essential to strengthen the scientific foundation for promoting M. stenopetala 
within climate-smart agriculture and sustainable development strategies.

4. Conclusions

M. stenopetala emerges as a highly resilient, multifunctional indigenous tree 
with strong potential to address the interconnected challenges of 
productivity, climate adaptation, and mitigation in Ethiopian drylands. Its 
deep-rooting system, drought tolerance, capacity to improve soil fertility, 
reduce erosion, and provide year-round leaf biomass underpin both 
ecological stability and livelihood resilience. At the same time, its high 
micronutrient content contributes directly to food and nutrition security, 
making it a critical asset in climate-resilient agriculture and rural 
development. The integration of M. stenopetala into climate-smart 
agriculture (CSA), agroforestry systems, and food security programs offers a 
low-cost, culturally appropriate, and scalable solution. It supports land 
restoration, carbon sequestration, and income diversification for vulnerable 
smallholder households. Its ecological fitness, reflected in its ability to thrive 
under harsh dryland conditions, enhance soil properties, and support 
biodiversity, positions it as a biologically robust solution to the growing 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



pressures of climate change and land degradation across Ethiopia’s arid and 
semi-arid regions.

In addition to its adaptation benefits, M. stenopetala holds meaningful 
climate change mitigation potential through carbon sequestration, which 
increases with tree maturity and varies with environmental conditions such 
as altitude. Its adaptability to marginal lands enhances its relevance in 
climate-stressed regions. Beyond carbon capture, the species delivers 
multiple co-benefits, including improved soil health, enhanced nutrition, and 
socio-economic gains, aligning closely with sustainable development 
priorities. Its projected resilience under future climate scenarios further 
underscores its long-term value in climate-smart landscapes. However, 
realizing this mitigation potential requires scaling up planting efforts, 
improving carbon monitoring systems, and strengthening the evidence base 
on carbon dynamics.

Culturally, M. stenopetala is deeply embedded in the traditions and 
livelihoods of communities in southern Ethiopia, where it plays a vital role in 
diets, traditional medicine, and farming systems. This indigenous knowledge 
base enhances its acceptance and sustainability. However, these traditions 
face pressures from modernization and knowledge loss, highlighting the need 
for documentation, community-led conservation, and respectful integration 
with scientific research.

Economically, the species offers significant value-chain opportunities due to 
its diverse uses in food, fodder, medicine, water purification, and industrial 
applications. Unlocking this potential requires targeted investment in 
production systems, processing, market infrastructure, product 
standardization, and awareness creation. Strengthening research–extension–
market linkages will be essential to transform M. stenopetala from an 
underutilized resource into a strategic economic and nutritional asset.
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Operationalizing M. stenopetala within integrated CSA frameworks, through 
extension services, restoration programs, seedling distribution, and market 
development, can support a just, locally grounded, and multi-benefit climate 
strategy. Future research should prioritize optimizing cultivation under 
diverse climatic conditions, evaluating intercropping systems, assessing 
genetic diversity, improving long-term carbon accounting, and developing 
scalable value chains. Overall, M. stenopetala exemplifies the critical role 
that indigenous multipurpose tree species can play in advancing climate-
smart agriculture. Its promotion offers a holistic pathway to strengthen 
ecosystem resilience, improve livelihoods, and enhance food and nutrition 
security in Ethiopia and other dryland regions facing similar challenges.
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